A balloon was introduced into the isolated rabbit left ven- Many studies have been done on cardiac muscle mechanics and on the ventricular performance, but few attempts have been made to elucidate the interrelation between both frameworks. One of the reasons has been the difficulty in controlling the intraventricular volume. Recently, SUGA and SAGAWA (1974) overcame this difficulty by adopting the intraventricular balloon method to the isolated dog heart. OKUYAMA (1983) has determined the hyperbolic relation between pressure and ejection velocity in the rabbit ventricle and has successfully shown the quantitative interrelation of force-velocity with ventricular wall muscle. This study was aimed at determining the pressure-volume and stiffness-pressure relations in the rabbit ventricle to compare them with the tension-length and stiffness-tension relations of wall muscle.
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Thirteen adult female rabbits, weighing 2.5-4.4 kg, were anesthetized with intravenous urethane (1.3-2.5 g/kg) administration, and under artificial ventilation the heart was exposed through midsternal thoracotomy. Preparation procedures and the experimental setup were described in detail by OKUYAMA (1983) . In brief, after the establishment of retrograde coronary perfusion, the heart was isolated and a thin latex balloon was inserted into the left ventricular cavity. The balloon was connected to a volume control system, which consisted of a cylindrical chamber, a magnet shaker and an electrical feedback amplifier. The intraventricular volume could be changed at various velocities at any instant. The retrograde T. OKADA, H. OKUYAMA, and H. MASHIMA coronary perfusion was performed without recirculation. The perfusate was a modified Krebs-Henseleit solution (116.0 mM NaCI, 2.5 mM KCI, 1.5 mM CaCl2, 0.6 mM MgSO4, 1.2 mM KH2PO4, 25.0 mM NaHCO3, 5.5 mM glucose, 2.0 mM Na-pyruvate, 4.0 g f liter dextran of mean M.W. =40,000 with 5.0 I.U. insulin), oxygenated with 95 % 02 and 5 % CO2 gas mixture so that the Pot was more than 400 mmHg with a pH of 7.2. REICHEL (1976) reported that if the ventricle was perfused with a cell and protein free solution, contractile performance would be depressed in comparison to being perfused with blood. Despite this disadvantage, we used the above mentioned solution in order to compare the contractility of the ventricle with that of ventricular muscle, because most experiments on papillary muscle were usually performed in the artificial solution. However, to minimize the depression, dextran, sodium-pyruvate and insulin were added to the solution. The temperature and the perfusion pressure were maintained at 28-30°C and 120 mmHg, respectively. After the destruction of the atrio-ventricular node, the left ventricle was stimulated electrically at a constant frequency (120Jmin). At the beginning of the experiment, the intraventricular balloon was emptied and the position signal of this state was assigned as the zero volume. At the end of the experiment, the heart was arrested with 4 M KCl and the weight of the left ventricle with the septum was measured in order to estimate the volume of ventricular wall. The isovolumic pressure-volume relationship was determined by measuring the steady-state intraventricular pressure at various volumes after peak pressure remained at a steady value (Fig. 1) . When the intraventricular volume was increased from 0.5 ml by 0.25 ml steps, the developed pressure increased gradually and the maximum pressure was obtained at nearly 3.0 ml (n=10, n is the number of hearts). This volume was defined as Volmag. The resting pressure also increased gradually and without any steep increase below 3.5 ml. The slope of •, developed pressure; 0, n is the number of hearts).
the ascending limb of the pressure-volume curve, Emax, was 43.5+7.8 (S.D.) mmHg/ ml (n=10). This value is far greater than that for dogs (6.6+1.2 mmHg/ml) reported by SUGA et al. (1973) . However, if the intraventricular volume is normalized by body weight, both values are rather close to each other (158±31 mmHg • kg/ml in rabbits and 133+23 mmHg•kg/ml in dogs). In five animals, the stiffness of the ventricle was measured at various pressures during isovolumic contraction and relaxation. A small and sudden increase or decrease in intraventricular volume (4 V=0.035 ml, <9 msec) was introduced, and the resultant pressure change (4P) was measured. The stiffness, 4P/4 V, was plotted against the intraventricular pressure, mean pressure during the pressure transient (that is, corresponding isovolumic pressure at the instant of stiffness measurement plus dP/2 for volume increase or minus 4P/2 for volume decrease), as seen in the inset of Fig. 2 . As shown in Fig. 2 , the stiffness of the ventricle was linearly related to the intraventricular pressure (correlation coefficient is 0.95-0.98) and there was no significant difference (p <0.05) between the data obtained during contraction phase and relaxation phase or between the data obtained Vol. 33, No. 5, 1983 •, volume decrease during contraction phase; 0, volume decrease during relaxation phase; •, volume increase during contraction phase; o, volume increase during relaxation phase. Here, intraventricular volume, 2.0 ml; the slope of the line, 2.63/ml; the vertical axis intercept, 14.0 mmHg/ml; and the slope of the actually measured resting pressure-volume curve, 11.5 mmHg/ml.
T. OKADA, H. OKUYAMA, and H. MASHIMA by a volume increase and a volume decrease (except for only one measurement). The slope of the line was 2.60±0.76/ml (1.53-3.58/ml, n=5) and the vertical axis intercept of the line was 3.1-30.0 mmHg/ml at 2.0-4.0 ml of intraventricular volume, which must be the resting stiffness. Actually, it almost coincided with the slope of the resting pressure-volume curve at the corresponding volume (4.8-28.3 mmHg/ml). The difference between them was less than 2.5 mmHg/ml in 5 rabbits. The circumferential wall stress was calculated from the intraventricular pressure and the volume of ventricular wall using the thick-walled ellipsoidal model (MIRSKY et al., 1974) . The maximum developed pressure at Volmax, 99.9-150.2 mmHg, corresponds to the maximum wall stress, 20.0-37.8 mN/mm2 (28.2+5.6 mN/mm2) at Lmax, which should be the muscle length at Volmax. These estimated values are comparable with the maximum force obtained in the rabbit papillary muscle which is about 25 mN/mm2 at 95 % Lmax at 2 Hz stimulation (EDMAN and JOHANNSSON, 1976) . The active stress in the wall muscle was found to be 6.2+2.1 (3.4-9.4) times greater than resting stress at Lmax, that is, the ratio of resting-tototal stress was 15.4±4.8% (10-23 %). According to BRUTSAERT et al. (1971) , the criteria for suitable muscles is that the ratio should be below 17-18%. Then, it can be said that our muscles were in good condition.
The stiffness of the ventricle increases linearly with increasing intraventricular pressure. A similar relation was observed in the stiffness-tension relation in the cat and rabbit papillary muscles (SONNENBLICK,1964; EDMAN and NILSSON,1968) . The longitudinal stiffness of the muscle must be proportional to the active tension, because the stiffness may reflect the number of active cross-bridges. The stiffness of the ventricle may also reflect roughly the number of active cross-bridges in a whole ventricle, assuming that a small volume change causes a small length change in all wall muscles. Provided with a suitable geometrical model, the above results indicate that the pressure-volume and stiffness-pressure relations of the ventricle have close interrelations with the tension-length and stiffness-tension relations of the wall muscle, as the pressure-velocity relation does with the force-velocity relation of the wall muscle as described by OKUYAMA (1983) . These studies will offer a way to analyze the ventricular performance on the basis of cardiac muscle mechanics.
This work was supported in part by a Grant-in-Aid for Scientific Research from the Ministry of Education, Science and Culture of Japan.
